INTRODUCTION
The Escherichia coli cyclic AMP (cAMP) receptor protein (CRP) is a global transcription factor triggered by cAMP that activates gene expression at >100 different promoters (1) . The cAMP-CRP complex binds as a dimer to 22 bp sequences at target promoters and activates transcription by contacting RNA polymerase (RNAP) directly. Although there is great diversity in the way that CRP-dependent promoters are organized, the most commonly found arrangement is for transcription initiation to be dependent on a single CRP dimer centred at or near position -41.5 (i.e. the 22 bp DNA site for CRP is centred between base pairs -41 and -42 upstream from the transcript start) (2) . At such promoters, known as Class II promoters, the downstream subunit of the CRP dimer overlaps the promoter -35 region.
In ternary transcriptionally competent CRP-RNAP-DNA complexes at Class II promoters, RNAP binds to promoter DNA both upstream and downstream of the bound CRP: the C-terminal domain of the RNAP α subunit (αCTD) is responsible for the upstream contacts and 'docks' to the promoter DNA upstream of the bound CRP dimer (3, 4) . In these complexes, CRP makes contact with RNAP by two surface-exposed activating regions, defined by single amino acid positive control substitutions that interfere with transcription activation at Class II promoters. Activating region 1 (AR1) is a surface-exposed β-turn (CRP residues 156-164) that is functional in the upstream subunit of the CRP dimer and contacts αCTD, which is bound immediately upstream of CRP (5-7). Activating region 2 (AR2) is a positively charged region defined by substitutions at H19, H21, E96 and K101, that is functional in the downstream subunit of the CRP dimer and contacts a site in the N-terminal domain of the RNAP α subunit (αNTD) (8, 9) .
In this work, we report the effects of disrupting either AR1 or AR2 at a number of different Class II promoters. We show that AR1 and AR2 play different roles in transcription activation, that the requirement for AR1 and AR2 differs from one promoter to another and that it is the -35 region sequence that sets the requirements for AR1 and AR2.
MATERIALS AND METHODS

Strains, plasmids and recombinant DNA methodology
The bacterial strains and plasmids used in this work are listed in Table 1 . Standard methods were employed for the isolation and manipulation of DNA fragments. Different derivatives of pDCRP encoding mutant crp genes, listed in Table 1 , were made by sitedirected mutagenesis.
The promoters used in this work are listed in Table 2 . All the promoters were cloned on EcoRI-HindIII fragments: manipulations were performed on fragments cloned in plasmid pAA121. CC (-41.5) , pmelR, pmelRcon and galP1 are all Class II CRP-dependent promoters with the CRP binding site centred at position -41.5 and have been described in our previous work: their base sequences are shown in Figure 1 . GalP1∆4 is a derivative of galP1 that is active in the absence of CRP but is repressed by cAMP-CRP. The VR1 derivative of CC(-41.5) was constructed using PCR, with a primer carrying the pmelR base sequence from -30 to -33. To make the VR2 derivative, pmelR upstream sequences were amplified by PCR, using primers that permitted the product to be used as a primer to amplify CC (-41.5) . This second round of PCR resulted in the CC(-41.5)-VR2 derivative, carrying pmelRcon sequence upstream of the DNA site for CRP of CC (-41.5) (Fig. 1 and Table 2 ). The CW1-CW13 derivatives of CC(-41.5) were selected after PCR amplification of CC(-41.5) using a primer with random bases at promoter positions -30 to -33 ( Fig. 1 and 
Measurement of promoter activities in vivo
To measure the activities of different promoters and their activation by different CRP mutants, EcoRI-HindIII fragments carrying the promoters were cloned into the low copy number broad host range lac expression vector pRW50 and the recombinants were transformed into the ∆crp derivative of the ∆lac strain M182. CRP-dependent promoters are inactive in this strain but they are activated when CRP or a derivative, cloned in plasmid pDCRP, is introduced by transformation. β-Galactosidase activities of cells carrying different promoters were measured as in our previous work (10, 11) and are taken as a measure of CRPdependent transcription activation.
Measurement of pmelRcon activity in vitro
Abortive initiation was used to measure the kinetics of CRPdependent transcription initiation as described previously (12, 13) , except that a Molecular Dynamics PhosphorImager and the program ImageQuant 3.3 was used for quantification of product formation. The pmelRcon promoter was carried on purified EcoRI-HindIII fragments, purified RNA polymerase holoenzyme was obtained from Amersham International and wild-type CRP, Glu101 CRP or Leu159 CRP were purified as in our previous work (4). Turnover numbers (TON; see Table 4) were determined from preformed complexes containing 50 nM RNA polymerase, 100 nM CRP and 2 nM template DNA. The complexes were incubated for 30 min at 37_C before the reaction was initiated by the addition of ApU and [α-32 P]UTP. Samples were removed at 5 min intervals for 20 min and the rate of product formation was determined.
RESULTS AND DISCUSSION
AR1 of CRP is not essential for transcription activation at some Class II promoters CC(-41.5), pmelR, pmelRcon and galP1 are all Class II CRP-dependent promoters with the CRP binding site centred at -41.5 ( Fig. 1) . We have measured the activation of each of these promoters by wild-type CRP and positive control mutants of CRP. These are mutants which are defective in transcription activation but which bind normally to DNA sites for CRP (as judged by their ability to repress the galP1∆4 promoter). In previous work we found that the HL159 substitution (and other substitutions) in AR1 of CRP almost completely prevented CRP-dependent activation of CC(-41.5) but had a much lesser effect on transcription initiation at other Class II promoters (18) . One explanation is that AR1 is less important for activation at some promoters. To confirm this explanation we needed to be sure that AR1 was completely disrupted. To do this we used a synthetic oligodeoxynucleotide, degenerate for codons 157-162 of CRP, to make a set of pDCRP derivatives with scrambled AR1 sequences. Three such mutant CRP derivatives, PDZ15, PDZ22 and PDZ26 (see Table 1C ), were picked at random and found to repress the galP1∆4 promoter normally. Table 3 shows activation of the CC(-41.5), pmelR, pmelRcon and galP1 promoters with wild-type CRP or the HL159, TA158 , PDZ15, PDZ22 or PDZ26 mutants. The results show that the activities of the scrambled CRP mutants are similar to the activities of CRP carrying single substitutions in AR1. The sequence of AR1 in the PDZ15, PDZ22 and PDZ26 mutants (Table 1) is unrelated to the wild-type sequence and AR1, therefore, is probably completely inactive. We conclude that the observed activation of pmelR, pmelRcon and galP1 by these CRP mutants is because AR1 is not essential for CRP-dependent activation at these promoters (note, however, that AR1 must play a role at these promoters, since substitutions in AR1 cause some reduction in CRP-dependent activation).
AR2 of CRP is essential for transcription activation at Class II promoters
AR2 of CRP has been defined by substitutions at His19, His21 and Lys101 that interefere with CRP-dependent activation of CC(-41.5) (8) . Our preliminary studies confirmed that the HY19 and KE101 substitutions almost completely prevented CRPdependent activation at CC(-41.5) yet had a lesser effect at pmelR, pmelRcon and galP1. To investigate whether AR2 is also inessential for activation at these promoters, we combined the HY19 and KE101 substitutions, reasoning that this combination might totally inactivate AR2. The data in Table 3 show that the double HY19 KE101 CRP mutant is unable to activate any of the four promoters tested, but is able to repress the galP1∆4 promoter as efficiently as wild-type CRP. We conclude that the combination of the HY19 and KE101 substitutions disrupts AR2 completely and that AR2 is essential for activation by CRP at these Class II promoters. Since CRP defective in AR2 both binds and bends DNA normally (8; N.J.Savery and S.J.W.Busby, unpublished data), AR2-mediated CRP-RNAP contacts must be essential and CRPinduced conformational changes in the DNA alone are not sufficient.
Substitutions in AR1 and AR2 have different kinetic effects on promoter activity
The above results show that AR1 and AR2 play different roles in transcription initiation at Class II promoters. To investigate further the role of AR1 and AR2 we determined the effects of the HL159 substitution (in AR1) and the KE101 substitution (in AR2) on the kinetics of CRP-dependent transcription activation at the pmelRcon promoter. We chose pmelRcon because it displays substantial CRP-dependent activity even with these single substitutions in AR1 or AR2 (Table 3 and 4). The process of transcription initiation at any promoter can be described by two simple parameters, the binding constant of RNAP for the promoter (K B ) and the rate constant for isomerization from the closed to open complex (k f ), which can be measured simply using abortive initiation assays (13) . Abortive assays were performed to measure the rate of production of the product ApUpU at pmelRcon as a function of RNAP concentration in the presence of wild-type or mutant CRP. Figure 2 shows the resulting plots and Table 4 shows the kinetic parameters deduced from these plots. The data show that the HL159 substitution (in AR1) primarily leads to a 10-fold reduction in the initial binding of RNAP to the promoter (K B ), whilst the KE101 substitution (in AR2) leads to a 10-fold reduction in the isomerization from closed to open complex (k f ). This shows that disruption of AR1 and AR2 affects two different steps in transcription activation, at least at pmelRcon.
Substitutions in AR1 and AR2 have different effects at different promoters
The results in Table 3 show that the effects of single amino acid substitutions in AR1 or AR2 differ from one Class II promoter to another. Some of the promoters are less sensitive than others to disruptions in AR1 and AR2. The likely explanation is that some promoters carry sequence elements that reduce the need for different activating regions, whilst not relieving the requirement for CRP. To identify these sequence elements, we constructed two hybrid promoters in which segments from pmelRcon were transplanted into CC (-41.5) . In CC(-41.5)-VR1 the sequence from positions -30 to -33 was substituted with pmelRcon sequence, replacing the last four positions of the -35 hexamer ( Fig. 1 and Table 2 ). In CC(-41.5)-VR2 the sequence upstream of the DNA site for CRP in CC(-41.5) was replaced with pmelRcon sequence (Fig. 1 and Table 2 ). Figure 3 
shows the activation of CC(-41.5), pmelRcon, CC(-41.5)-VR1 and CC(-41.5)-VR2
by wild-type CRP, CRP carrying the HL159 substitution in AR1, CRP carrying the KE101 substitution in AR2 or CRP carrying both substitutions. At CC(-41.5) (Fig. 3A) each of the single substitutions and the double substitution led to almost total loss of CRP-dependent transcription activation. In contrast, at pmelRcon (Fig. 3B) , the single substitutions in AR1 or AR2 had less of an effect, as expected, showing that the requirement for the two activating regions is reduced. Interestingly, CRP carrying both HL159 and KE101 is completely unable to activate pmelRcon. The percentage activation and percentage repression were calculated from β-galactosidase assays performed with M182∆crp cells containing plasmid pDCRP, carrying the listed CRP derivatives, and plasmid pRW50, carrying the listed promoters fused to the lac operon. β-Galactosidase levels were measured in extracts of exponentially growing cells and expressed in standard Miller units. Cells were grown in Lennox broth supplemented with 25 µg/ml tetracycline and 80 µg/ml ampicillin. Each assay was performed at least three times from independent clones; data differed by <10% from one experiment to another. The activities of the CRP-dependent promoters, CC(-41.5), pmelR, pmelRcon and galP1, in the presence and absence of wild-type CRP were designated 100 and 0% respectively. At CC(-41.5), 100% = 713 U and 0% = 18 U; at pmelR, 100% = 877 U and 0% = 19 U; at pmelRcon, 100% = 4437 U and 0% = 7 U; at galP1, 100% = 7214 U and 0% = 726 U. At galP1∆4, the levels of repression in the presence and absence of wild-type CRP were designated 100 and 0% respectively: the activities of the fully repressed and derepressed promoter were 23 and 510 U respectively. The constants k f and K B k f were calculated respectively from the intercepts and slopes of the τ plots shown in Figure 2 , using the program Microsoft Excel. The turnover numbers (TON) were determined from preformed complexes as described in Materials and Methods. These turnover numbers reflect differences in promoter occupancy under our experimental conditions and do not correlate with promoter activities in vivo (see Table 3 ). The numbers in parentheses express the effect of the mutants as a factor of the value with wild-type CRP. The tight coupling of pmelRcon activity to CRP precludes the accurate measurement of k f and K B in the absence of CRP
The results show that the activity of CC(-41.5)-VR1 (Fig. 3C ) is very similar to pmelRcon, whilst CC(-41.5)-VR2 is very similar to CC(-41.5) (Fig. 3D) . This shows that, at least for CC (-41.5) and pmelRcon, the requirement for AR1 and AR2 is fixed by the base sequence from -30 to -33, rather than the sequence upstream of the DNA site for CRP. To check this conclusion, upstream sequences from both galP1 and the E.coli rrnB P1 promoter were also cloned upstream of the DNA site for CRP in CC(-41.5): these sequences resulted in a 3-to 8-fold increase in CRP-dependent activity but did not affect the requirements for AR1 and AR2 (data not shown).
The sequence from positions -30 to -33 at Class II CRP-dependent promoters determines the activity and the requirement for AR1 and AR2
The CRP dependence of the CC(-41.5) promoter is likely to be due to a deficiency in the -35 hexamer element. Altering the -35 hexamer from 5′-CATGGA-3′ in CC (-41.5 ) to 5′-CAGTCA-3′ in CC(-41.5)-VR1 improves the agreement with the consensus, 5′-TTGACA-3′. This change increases CRP-dependent activity and alters the requirements for AR1 and AR2 without releasing the promoter's dependence on CRP (Fig. 3A and C) . Inspection of the CC(-41.5) sequence (Fig. 1) suggests that positions 3-6 of the -35 hexamer can be altered without interfering with the binding of CRP (the C and A at positions 1 and 2 cannot be altered because they overlap with the downstream core CRP binding element, 5′-TCACA-3′). We therefore used PCR mutagenesis to create CC(-41.5) derivatives with random sequences from positions -30 to -33 (corresponding to positions 3-6 of the -35 hexamer). Ten derivatives were chosen randomly and expression from each promoter was assayed in the absence or presence of wild-type CRP (Table 5 ). The striking result is that expression from all of the derivatives is CRP dependent but the activity with wild-type CRP varies across a 48-fold range from 180 to 8800 U. Table 5 lists these promoters in order of their activity in the presence of wild-type CRP. The promoters are denoted CC (-41.5 
)-CW1-CW12: note that CC(-41.5)-CW3 is CC(-41.5) and CC(-41.5)-CW12 is CC(-41.5)-VR1.
We checked that the differences in promoter activity were unlikely to be due to variations in CRP binding affinity since band shift experiments showed that CRP binding to the least active and For each promoter, the height of the bars represents the average of three independent assays and the error bars show one standard deviation either side of the mean activity. The β-galactosidase activities were determined in M182(crp cells containing plasmid pDCRP, carrying different CRP derivatives, and plasmid pRW50, carrying different promoters fused to the lac operon. the most active promoters was almost identical. This was not surprising, as the DNA site for CRP closely resembles the consensus and is likely to be saturated under most conditions. Several of the promoters with >3000 U activity in the presence of CRP contain -35 sequences that bear little or no match to the consensus sequence for the -35 region: no simple relation between the sequence and the strength of CRP-dependent transcription is apparent. The promoter carrying the -35 hexamer 5′-CAGACA-3′ (CW10), which most resembles the consensus, gives 4300 U activity but is still completely dependent on CRP. In a parallel experiment, we made a derivative of CC (-41.5 ) carrying the consensus -35 hexamer 5′-TTGACA-3′ (CW13). Whilst this derivative was unable to bind CRP, this promoter gave 4000 U activity in the ∆crp background, showing that a consensus -35 element is sufficient for the promoter to become independent of CRP.
The different CC (-41.5 ) promoter derivatives were also assayed in the presence of CRP carrying a single substitution in AR1 (HL159) or in AR2 (KE101) or with both substitutions (HL159 KE101). The data in Table 5 show that none of the promoters can be activated by CRP that is defective in both AR1 and AR2. Single substitutions in AR1 or AR2 produce equivalent reductions in CRP-dependent expression, the magnitude of which varies from promoter to promoter. Some promoters are almost totally inactivated by substitutions in either AR1 or AR2, whilst other promoters show up to 50% activity. In general, the less active promoters are almost completely inactivated by single substitutions in AR1 or AR2, whereas the more active promoters are less affected. The two exceptions, CW6 and CW8, carry the -35 hexamers 5′-CAAATT-3′ and 5′-CAATTT-3′. These promoters are both very active in the presence of wild-type CRP, but are particularly susceptible to single substitutions in AR1 or AR2. These results confirm that the dependence on AR1 and AR2 for transcription activation by CRP is determined by the sequence of the -35 hexamer.
Conclusions
Transcription activation at Class II CRP-dependent promoters involves two mechanistic components due to two contacts between CRP and RNAP (reviewed in 20). The first component is 'anti-inhibition' overcoming an inhibitory effect of the C-terminal domain of αCTD (7, 18) . This component involves a direct contact between AR1 in the upstream subunit of the CRP dimer and a target in αCTD which 'docks' with αCTD at a position such that it does not interfere with the initiation process. The second component is 'direct activation', involving a contact between AR2 in the downstream subunit of the CRP dimer and a target in the N-terminal domain of αNTD (8) . Our study provides two pieces of data that are consistent with the view that AR2 of CRP is responsible for the primary activating contact at Class II promoters. First, positive control substitutions that destroy AR2 lead to loss of function at all of the Class II promoters that were tested. In contrast, CRP with an inactive AR1 retains some activating functions at some Class II promoters. Second, substitutions in AR1 and AR2 lead to different kinetic defects in transcription activation (at least at pmelRcon). The KE101 substitution in AR2 primarily leads to a reduction in the rate of isomerization from closed to open complex, consistent with the suggestion that the AR2-αNTD interaction stabilizes a transition state during the closed to open complex transition (8) . The HL159 substitution in AR1 primarily leads to a reduction in initial binding of RNAP, consistent with the suggestion that the AR1-αCTD interaction is responsible for recruitment and 'docking' of αCTD (4,7).
Our results show that the bases at positions 3-6 of the -35 hexamer at Class II CRP-dependent promoters play an important role independent of CRP binding. These sequences determine the strength of CRP-dependent promoter activity, they determine the degree to which promoter activity is reduced by single substitutions in AR1 and AR2 and, in some cases, they permit CRP lacking any AR1 function to activate transcription. Most Class II CRP-dependent promoters have -35 elements that bear little or no resemblance to the consensus. Some workers have proposed that the usual interaction between Region 4 of the RNAP σ subunit and the -35 promoter element is replaced by CRP-RNAP interactions (see for example 21). The base sequences of the -35 hexamer of the CC(-41.5)-CW1-CW13 promoter derivatives are compared with the consensus sequence for the -35 region: identical residues are highlighted in bold. The β-galactosidase assays were performed with M182∆crp cells containing plasmid pDCRP, carrying the listed CRP derivatives, and plasmid pRW50, carrying the listed promoters fused to the lac operon. Each assay was performed at least three times from independent clones; data differed by <10% from one experiment to another.
Our results suggest that this must be an oversimplification and that Region 4 of the RNAP σ subunit has to be accomodated at the -35 hexamer, just as at activator-independent promoters. We assume that the ease with which Region 4 can be accomodated differs according to the precise base sequence of the -35 element: we suggest that this fixes the CRP-dependent activity of the promoter and the response of the promoter to substitutions in the different activating regions. Interestingly, different non-consensus bases have different effects on promoter activity, suggesting that the accomodation of σ Region 4 is not simply a question of the presence or absence of the consensus: some -35 sequences must be more permissive than others and some -35 hexamers must facilitate docking of σ Region 4 to the DNA more easily than others. Note that similar effects of base changes in or near the -35 region have been reported with two other Class II activators, MalT (22) and bacteriophage µ Mor protein (23) .
Transcription activation by CRP at Class II promoters is complicated and involves multiple CRP-RNAP contacts, which are 'integrated' by the different subunits of RNAP and appear to 'converge' on the σ subunit. Interestingly, a further contact between CRP and RNAP, created by substitutions in CRP at Lys52, can short circuit the mechanisms involving AR1 and AR2, apparently by directly interacting with Region 4 of the RNAP σ subunit (9; reviewed in 20). Transcription activation by CRP at Class II promoters is also affected by different 'accessory' promoter sequences such as UP elements or permissive -35 sequences. Thus, different combinations of RNAP-CRP and RNAP-promoter interactions are exploited at the many different Class II promoters to set their level of expression in the cell.
